It has long been recognized that growth failure encompasses a diverse spectrum of underlying pathophysiological processes, a characteristic that has significantly impacted both the diagnosis and management of growth disorders. This problem is exacerbated by inherent difficulty in distinguishing the borders between the 'normal range' for stature and defined abnormal growth. Evaluation of GH secretion has proven problematic, both diagnostically and prognostically, except in cases of unequivocal GH deficiency. Measurement of serum concentrations of IGF
From a historical perspective, the evaluation and management of children with short stature has been dictated by the availability of growth hormone (GH) as a therapeutic agent. Despite the well-known limitations of GH stimulation tests, they have constituted the focal point of diagnostic evaluations of short children for over 40 years and have regulated access to growthpromoting therapy to a great extent (1) .
Perhaps, more importantly, measurements of serum GH concentrations have served to rather arbitrarily divide children with proportionate short stature into categories of 'disease' versus 'normal variants'. Such fractionation ignores the fact that stature, like so many physiological variables, more or less follows a Gaussian distribution (2) , and that the dividing line between 'pathology' and 'normal' is not always easy to distinguish. In retrospect, it seems incredibly naïve for us to have ever believed that a biological process as complex as human stature, with its different tempos of fetal, infant, childhood, prepubertal and pubertal growth, could ever be explained by one or two hormones.
Several factors have served to require that we reconsider our approach to the evaluation and management of children with short stature: i) an enhanced understanding of the physiology of the GH-insulin-like growth factor (IGF) axis and, in particular, the realization of the critical role of the IGF system in both intrauterine and postnatal growth (3) ; ii) the development of methodologies for high-throughput discovery and assays of both genomic and proteomic biomarkers; and iii) the availability of new therapies, such as IGF-I, for the management of children with growth failure. These developments should force us to entertain the following questions 1) How do we define 'short stature?' 2) How do we explain short stature?
3) How do we define responsiveness to growthpromoting therapy? 4) How do we predict responsiveness to growthpromoting therapy?
How do we define 'short stature?'
An honest evaluation of the management of short stature over the last 50 years would inevitably lead to the conclusion that rather than diagnosis dictating therapy, the availability of therapy (namely GH) dictated diagnosis. Because approval of GH therapy was, for many years, limited to children with diagnosis of GH deficiency (GHD), GH stimulation tests were abused in efforts to justify treatment of many children who were clearly not truly GHD (1). Thus, weak GH secretagogues, combined with an absence of sex steroid priming in prepubertal children and an unjustifiably high GH cut-off point as a marker of 'failure', led to unequivocal overdiagnosis of GHD (1, 4) . This situation has hopefully been alleviated by the expansion of approved indications for GH; in particular, the Food and Drug Administration (FDA) approval of idiopathic short stature (ISS) and intrauterine growth retardation (IUGR) with failed catch-up growth as acceptable indications. In the case of ISS, 'short stature' was defined as K2.25 S.D. (or, approximately, the bottom 1.2%). It should be recognized, however, that this definition is totally arbitrary and could have been set just as readily at K2.0 or K3.0 S.D. The arbitrariness of any such definition is underscored by the realization that treatment cannot prevent the fact that 1.2% of children will always be below K2.25 S.D.
How do we explain short stature?
The recognition that the role of the endocrinologist in the evaluation of growth failure now goes far beyond simply determining (often incorrectly) whether or not a child is GHD, dictates an appreciation of the multigenic regulation of human growth. Since treatment of every child with a height !K2.25 S.D. is neither practical nor desirable, it is essential that biomarkers be identified that best predict responsiveness to specific growth-promoting therapies.
Improved understanding of the complexity of the GH-IGF axis and a growing appreciation of the fundamental role of IGF-I in prenatal and postnatal growth have greatly enhanced our ability to assess the nature of proportionate short stature (1-3). It has been proposed that a critical step in the evaluation of children with short stature is assessment of the IGF status of the patient. Children, who have reduced serum IGF-I concentrations may be categorized as secondary IGF deficient (IGFD), when GH production is defective, or primary IGFD, when growth failure and low IGF-I concentrations are observed in the presence of normal or increased GH (1-3). The evaluation of rare cases of growth failure associated with mutations of the GH axis has provided us with a molecular basis for many of these patients. Secondary IGFD has thus been associated with a variety of genetic, developmental defects in pituitary development and GH secretion, while primary IGFD has been observed with molecular defects involving the GH receptor (GHR), the GHR signaling cascade, and the IGF-I gene itself. Since studies suggest that at least 25% of children labeled as ISS have low serum IGF-I, despite apparently normal GH secretion, these rare genetic causes of primary IGFD, at least in their classical form, are likely to account for only a small percentage of patients identified as primary IGFD (2, 3, 5, 6) . A further explanation for such cases is necessary, and possibilities include: i) heterozygosity for specific mutations affecting the GH-IGF axis, accompanied by inadequate compensation at the level of GH production or IGF-I gene transcription and production; ii) polymorphisms of known genes of the GH-IGF axis, affecting their transcription or translation; iii) defects involving genes as yet unidentified; or iv) combinations of the factors listed above.
How do we define and predict responsiveness to growth-promoting therapy?
The recent development of 'GH response curves' allows comparison of first year growth rates of children with GHD, Turner syndrome and ISS with data from large postmarketing studies, thereby facilitating identification of 'poor responders' (7: unpublished results). It has been suggested, for example, that children whose first year growth rates fall below the K1 S.D. on such GH response curves may be identified as 'marginal responders' and would constitute candidates for re-evaluation of therapeutic options.
The administration of GH has traditionally been based on a body weight or body surface basis, with some modest adjustments made for underlying diagnosis and, occasionally, for puberty. This approach does not provide for the wide variation in responsiveness commonly observed, even in patients labeled as GHD (8) . This problem may be especially significant in children carrying a diagnosis of ISS, with its wide heterogeneity of molecular basis. Recent studies have indicated that higher GH dosages, and/or GH dose titration based upon serum IGF-I levels during GH treatment, may enhance growth rates (9) . The availability of IGF-I therapy, which has been recently approved by the FDA for treatment of 'severe primary IGFD', provides a potentially valuable alternative modality. The ability to determine optimal therapy at the time of diagnosis or early into treatment would clearly be of great benefit in patient management.
Initial attempts to predict the statural response to GH included measurement of GH-dependent serum markers, such as IGF-I, IGFBP-3 and ALS, particularly in response to short-term GH administration (10, 11) . Thus, 'IGF generation tests' compared baseline and post-GH measurements of such serum markers following a 4-or 7-day course of GH therapy. While such tests are of use in identifying children with severe GH insensitivity, their ability to predict long-term GH response in milder cases of primary IGFD has never been adequately tested and inadequate normative data currently exist. Serial assessment of IGF-I and, perhaps, IGFBP-3 may still be recommended as a means of monitoring compliance and safety in patients receiving GH, but further evaluation of the ability of IGF generation tests to predict long-term GH responsiveness is required before such tests can be recommended outside of diagnosing classical GHI and severe primary IGFD.
Various prediction models also have been developed and are of considerable interest, but those developed to date have only had a 50% correlation with one-year growth rates (12) . For GHD, the best predictor (not surprisingly) has been the peak serum GH following stimulation tests, probably because this best differentiates true GHD from ISS. In the case of TS and small for gestational age (SGA), GH dosage has proven to be the best predictor. The correlation of prediction tests with one-year growth response is enhanced if short-term growth rates are entered into the equation, but this serves to limit the utility of such models in predicting growth rates at the time of initiation of therapy.
Pharmacoproteomics and pharmacogenomics and short stature
The development of high throughput technologies for assessing proteins (proteome) or genes (genome) involved in growth holds great promise for both the diagnosis and management of growth disorders. Chung et al. (13) evaluated differential expression of serum proteins in 20 normal adults receiving GH and discovered a 15.1 kDa previously unidentified GH-responsive protein. Preliminarily identified as hemoglobin a-chain, the correlation of levels of this protein with clinical responses to GH remains unproven.
Nagalla and Rosenfeld (unpublished data) have evaluated protein expression patterns in patients with GHD and GH insensitivity (GHI) resulting from mutations of the GHR gene using a variety of proteomic techniques, and have identified discriminatory serum protein patterns. In preliminary studies, patients with GHI or GHD could be distinguished from controls with greater than 99% confidence; GHI and GHD serum patterns could be discriminated from each other with greater than 96% confidence. These observations require large-scale confirmation, but strongly support the diagnostic value of high throughput proteomic technologies.
Genomic approaches are also showing great promise in the evaluation of patients with growth failure or abnormalities of the GH-IGF axis. Although not directly related to short stature, the exciting observation that a dominant gain-of-function mutation of the Janus kinase 2 (JAK2) gene is frequently observed in myeloproliferative disorders, especially Polycythemia vera, underscores the potential strength of this approach (14) . Given that JAK2 is required for phosphorylation of the GHR and activation of STAT5b, the critical link between the GHR and IGF-I gene activation, it appears likely that similar approaches will prove valuable in assessing genetic defects of the GH-IGF axis in short stature patients. Indeed, to date, six patients have been identified with homozygous mutations of the STAT5b gene, and resulting primary IGFD and growth failure (15, 16) . Dos Santos et al. (17) reported that a common polymorphism of the GHR is associated with increased responsiveness to GH. Approximately half of Western Europeans are hetero-or homozygous with respect to an allele encoding an isoform of the GHR gene that is lacking exon 3 (d3-GHR). They evaluated two cohorts of children of European descent with heights !K2 S.D., carrying a diagnosis of either ISS or SGA, and receiving treatment with GH. Growth rates of children carrying one or both d3-GHR alleles grew almost twice as well as children who were homozygous for the full-length isoform. Of note, however, is that baseline heights of the two groups were indistinguishable, and serum IGF-I concentrations, either before or during GH treatment, were not systematically measured. These exciting observations have been confirmed in some but not all studies, so it remains unclear at this time as to whether the d3-GHR isoform actually conveys increased GH responsiveness (18-23) ( Table 1 ). It will require a large-scale, prospective, 
Future directions
Studies are already in progress to assess both proteomic and genomic biomarkers for the evaluation and management of short stature and for the assessment of responsiveness to GH and/or IGF-I therapy. While mutations of known genes involved in the GH-IGF axis have been identified in patients with various growth disorders, attention is only beginning to be focused on polymorphisms of these genes that might result in altered expression and or function. In future studies, auxological and biochemical phenotypes will be employed to evaluate candidate genes and proteins that would correlate with secondary IGFD, primary IGFD, or IGF resistance (Table 2 ). Attention should be given, additionally, to non-IGF-related factors known to be active at the epiphyseal growth plate, including the genes and proteins for the Short Stature Homeobox (SHOX)-containing gene (24) , fibroblast growth factor receptor (FGFR)-3 (25), the C-type natriuretic peptide receptor (NPR2) (26) , and other factors yet to be identified. It is also likely that epigenetic factors, which are just beginning to be studied as contributors to growth failure, may provide important insights in the evaluation of short stature. 
